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Compartmentalization of TNF Receptor 1 Signaling:
Internalized TNF Receptosomes
as Death Signaling Vesicles
proliferation and differentiation to activation of apopto-
sis (Wajant et al., 2003; Locksley et al., 2001). The differ-
ent biological activities are mediated by two distinct cell
surface receptors: TNF receptor 1 (TNF-R1) and TNF-
R2. TNF-R1 appears to be the key mediator of TNF
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Although it is well recognized that TNF binding in-
duces endocytosis of the activated TNF-R1 complex
within minutes by clathrin-coated vesicles, the func-Summary
tional contribution of TNF-R1 internalization to activa-
tion of the pleiotropic TNF signaling pathways is stillThe molecular regulation of the recruitment of initial
signaling complexes at the TNF-R1 is poorly defined. unclear. Endocytosis of cell surface receptors has long
been regarded as a mechanism to switch off membrane-We demonstrate here that within minutes internalized
TNF-R1 (TNF receptosomes) recruits TRADD, FADD, derived receptor signaling. However, more recent stud-
ies demonstrate that signaling continues in the endo-and caspase-8 to establish the “death-inducing signal-
ing complex” (DISC). In addition, we identified the TNF- cytic pathway and that certain signaling events appear
to require endocytosis for full activation to occur (reviewR1 internalization domain (TRID) required for receptor
endocytosis and provide evidence that TNF-R1 inter- in Di Fiore and De Camilli, 2001; McPherson et al., 2001).
We previously showed that inhibition of TNF-R1 endocy-nalization, DISC formation, and apoptosis are insepa-
rable events. Analyzing cell lines expressing an inter- tosis by monodansyl cadaverine (MDC) prevents TNF-
induced apoptosis (Schu¨tze et al., 1999). Here, we reportnalization-deficient receptor (TNF-R1TRID) revealed
that recruitment of RIP-1 and TRAF-2 to TNF-R1 oc- that TNF-R1 internalization is instrumental for recruit-
ment of TRADD, FADD, and caspase-8 and activationcurred at the level of the plasma membrane. In con-
trast, aggregation of TRADD, FADD, and caspase-8 of A-SMase and cathepsin D. Thus, we identified TNF
receptosomes as death-signaling vesicles, which cou-to establish the TNF-R1-associated DISC is critically
dependent on receptor endocytosis. Furthermore, fu- ple receptor-mediated signal transduction events to dis-
tinct intracellular compartments.sion of TNF receptosomes with trans-Golgi vesicles
results in activation of acid sphingomyelinase and ca-
thepsin D. Thus, TNF receptosomes establish the dif- Results
ferent TNF signaling pathways by compartmentaliza-
tion of plasma membrane-derived endocytic vesicles Isolation of TNF Receptosomes
harboring the TNF-R1-associated DISC. by Immunomagnetic Sorting
In order to follow the kinetic of internalization by fluores-
Introduction cence microscopy, COS cells were incubated with la-
beled human Biotin TNF/Streptavidin FITC for 2 hr at
Tumor necrosis factor (TNF) is a highly pleiotropic cyto- 4C (Figure 1A). Internalization of the labeled TNF-R1
kine that elicits diverse cellular responses ranging from complex from the cell surface was induced by increasing
the temperature to 37C, resulting in synchronized endo-
cytosis and trafficking of labeled TNF/TNF-R1 endocytic*Correspondence: schuetze@immunologie.uni-kiel.de
5These authors contributed equally to this work. vesicles to subcellular compartments within 1 hr of incu-
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Figure 1. Internalization of TNF Receptors and Isolation of TNF Receptosomes by Magnetic Sorting
(A) TNF receptor distribution on COS cells labeled with Biotin TNF/Streptavidin FITC. Confocal laser scanning microscopy revealed the
localization of labeled TNF receptors after 1 hr at 4C on the cell surface and at intracellular compartments after 10, 30, and 60 min incubation
at 37C.
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bation. Costaining of cells treated with Biotin TNF/Strep- clathrin and Rab4, which dissociate after 30 min of inter-
nalization, as well as Rab5, which is retained up to 60 mintavidin FITC with antibodies against rab5, Vti1b, and
cathepsin D revealed colocalization of internalized TNF in TNF receptosomes. Of note, at 30 min internalization,
markers of trans-Golgi membranes p47A and Vti1b (Fig-receptosomes with early endosomes after 15 min, with
trans-Golgi vesicles after 30 min and with lysosomes ure 2A) as well as GRP 78, syntaxin-6, and Rab8 (data
not shown) are found in isolated TNF receptosomes.after 60 min, respectively (Figure 1B).
The intracellular trafficking of TNF/TNF-R1 complexes This indicates a fusion event of the two compartments,
resulting in formation of multivesicular endosomes, aswas investigated in more detail by ultrastructural analy-
sis using electron microscopy. After 2 hr of incubation already observed by confocal fluorescence microscopy
(see Figure 1B) and ultrastructural analysis of whole cellsat 4C, TNF receptors labeled with a Biotin TNF/Strep-
tavidin microbeads/Biotin Gold “sandwich” (as detailed (see Figure 1C). At later times, TNF receptosomes accu-
mulate lysosomal proteins such as CTSD and LAMP-1.in Supplemental Figure S1 at http://www.immunity.com/
cgi/content/full/21/3/415/DC1) were detected on the cell TNF receptosome preparations were devoid of mito-
chondrial, nuclear, or cis-Golgi contaminants and alsosurface of NIH3T3 fibroblasts (Figure 1C). After 10 min
at 37C, endocytic vesicles harboring labeled TNF-R1 did not contain caveolin, demonstrating highly specific
and pure isolated magnetic TNF-R1 fractions (Figure 2A).complexes (termed TNF receptosomes) are formed and
are detectable up to 30 min. At this time point, fusions
of TNF receptosomes to intracellular membrane com- TNF Receptosomes Recruit DISC Proteins TRADD,
partments become apparent. TNF receptosomes are FADD, and Caspase-8
found in multivesicular endosomes 30 minutes after In order to investigate whether internalized TNF-R1 is
TNF-R1 internalization and are found in lysosomal struc- able to participate in transmitting death-inducing signals
tures after 60 min. A similar trafficking pathway was also from the cell surface to intracellular locations, we next
detected in U937 cells (Supplemental Figure S2). analyzed the recruitment of TNF-R1 DD adaptor proteins
To purify TNF receptosomes, U937 cells were magnet- to TNF receptosomes. After 3 min at 37C, RIP-1 and
ically labeled as described above. Efficiency and speci- TRADD, as well as FADD and caspase-8 (Figure 2B),
ficity of this approach (detailed in Supplemental Figure are recruited to isolated TNF receptosomes. Notably, 43
S3) were monitored by determination of the velocity of kDa caspase-8 is predominantly found to be associated
individual cells moving in a high-gradient magnetic field with TNF receptosomes, in contrast to total cellular ly-
(magnetophoresis) as described previously (Tchikov et sates, where the 55 kDa procaspase-8 complex is pre-
al., 2001). At various stages after internalization of la- dominantly detected. This indicates rapid cleavage of
beled TNF-R1, the cells were mechanically homoge- 55 kDa procaspase-8 once it is bound to the TNF-R1-
nized and lysates were subjected to a custom-built mag- associated DISC to generate the 43 kDa cleavage prod-
netic free-flow chamber (depicted in Supplemental uct, which is further autocatalytically cleaved to gener-
Figure S4). As shown in Figure 1D, intact membrane ate the 18 kDa subunit. Indeed, we also observed the
structures labeled with Biotin TNF/Streptavidin mi- 26 kDa caspase-8 protein at TNF receptosomes internal-
crobeads/Biotin Gold were obtained. In magnetic TNF ized for 10 min (Figure 2C). This 26 kDa protein repre-
receptor fractions isolated from cells kept at 4C, the sents the cleavage product from the 43 kDa protein
magnetic label is located at the surface of resealed remaining bound to TNF-R1. The 18 kDa subunit, which
plasma membrane sheets. In fractions obtained from represents one component of the active soluble cas-
cells incubated for 10–30 min at 37C, the magnetic pase-8 heterotetramer (p18/p10), is released and there-
label is located within vesicular structures similar to fore only detected after longer exposure of the blots.
TNF receptosomes detected in whole cells (Figure 1C). Compared to total cellular lysates, all three procas-
Multivesicular and lysosomal compartments were iso- pase-8 subunits of 43, 26, and 18 kDa are highly enriched
lated from cells homogenized after 30 and 60 min of at isolated TNF receptosomes, while 55 kDa procas-
TNF-R1 internalization, respectively (Figure 1D). pase-8 and its 10 kDa cleavage product are absent from
TNF receptosomes. The 41 kDa caspase-8 cleavage
product of procaspase-8 was not detected in TNF re-Endosomal Maturation of Internalized TNF
ceptosomes.Receptosomes and Fusion with
trans-Golgi Compartments
Next, TNF receptosomes were analyzed by Western The TNF-R1 Membrane-Associated Complex
Contains FADD and Caspase-8blotting for signature proteins of distinct intracellular
compartments. As depicted in Figure 2A, isolated recep- Next, we investigated whether the DISC proteins de-
tected in isolated TNF receptosomes are directly associ-tosomes contain markers of early endosomes like
(B) Colocalization of Biotin TNF/Streptavidin FITC-labeled TNF receptors with rhodamine-labeled rab5 (endosomes) after 15 min, Vti1b (trans-
Golgi) after 30 min, and CTSD (lysosomes) after 60 min incubation at 37C.
(C) Electron microscopy of internalized TNF receptors. NIH3T3 cells were labeled with Biotin TNF/Streptavidin magnetic beads/Biotin Gold
at 4C and incubated for indicated times at 37C. Labeled TNF receptors, indicated by arrows, are detected at 0 min at the cell surface, after
10–30 min in endosomes, and after 60 min in multivesicular compartments and lysosomes.
(D) Preparation of TNF receptosomes. U937 cells were magnetically labeled as in (B), and magnetic fractions were isolated after indicated
times and analyzed by electron microscopy. Labeled TNF receptors are detected at 0 min at the outer face of the resealed membranes, after
10–30 min in isolated endosomes, and after 60 min in isolated multivesicular endosomes and lysosomes.
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Figure 2. Endosomal Maturation of Internalized TNF Receptors and Recruitment of TRADD, FADD, and Caspase-8 to TNF Receptosomes
Leads to Rapid Apoptosis in Synchronized U937 Cells
(A) Time course of intracellular TNF receptosome trafficking in U937 cells. Total cell lysates or magnetic fractions derived after 10, 30, and
60 min of internalization were analyzed for signature proteins of endosomal maturation (clathrin, Rab4, Rab5), trans-Golgi compartments
(p47A, Vti1b), lysosomes (32 kDa CTSD, LAMP-1), nuclei (nucleoporin), caveolae (caveolin 1), mitochondria (Mcl-1), and cis-Golgi membranes
(GM130) by Western blotting.
(B) Time course of recruitment of the death-inducing signaling complex to TNF receptosomes. Total lysates or magnetic fractions were
analyzed for presence of TNF-R1 and TNF-R1-associated DISC proteins by Western blotting using antibodies against TNF-R1, RIP-1, TRADD,
FADD, and caspase-8.
(C) Comparison of procaspase-8 cleavage products in total lysates of U937 cells treated for 10 min with Biotin TNF/Streptavidin microbeads
with those obtained from the magnetic receptosome preparation obtained after 10 min incubation at 37C.
(D) Coimmunoprecipitation of DISC proteins from cell lysates and solubilized magnetic TNF-R1 receptosome preparations were analyzed by
TNF Receptosomes as Death Signaling Vesicles
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ated with TNF-R1. Total lysates from nonstimulated or with empty vector did not bind 125I-TNF or Biotin TNF-
FITC (data not shown).TNF-stimulated U937 cells or the receptosome prepara-
tions derived after 10 min of internalization were solubi-
lized, and TNF-R1 was precipitated using Biotin TNF. TNF Activation of Acid, but Not of Neutral
Sphingomyelinase, Is Prevented in TNF-R1As shown in Figure 2D, TNF-R1 as well as the associated
proteins RIP-1, TRADD, FADD, and caspase-8 were de- TRID-Expressing 70Z/3 Cells
To estimate the functional role of TNF-R1 internalizationtected in the TNF-R1 precipitates, demonstrating the
direct association of these proteins with internalized for different TNF signaling pathways, we investigated the
activation of two distinct ceramide-producing enzymes,TNF-R1. The possibility of simple cocompartmentaliza-
tion of TNF-R1 with the investigated DISC proteins was plasma membrane-located neutral SMase (N-SMase) and
endolysosomal A-SMase (Schu¨tze et al., 1992; Wiegmannthereby excluded.
et al., 1994; Adam et al., 1996, Adam-Klages et al., 1996).
70Z/3 cells transfected with empty vector did not re-
Synchronization of TNF-R1 Internalization Results
spond to TNF treatment with either N-SMase or
in Rapid Apoptosis of U937 Cells
A-SMase activation (data not shown). Deletion of TRID
In most cell systems, induction of apoptosis by TNF is
resulted in enhanced and prolonged TNF-mediated acti-
reported to be a rather late event compared to Fas-
vation of N-SMase in cytoplasmic lysates compared to
mediated apoptosis. In our experimental approach, pre-
TNF-R1-expressing 70Z/3 cells (Figure 3D). These differ-
incubation with Biotin TNF/Streptavidin microbeads or
ent N-SMase activation levels were also measured in
with unlabeled TNF for 2 hr at 4C leads to synchronized
TNF receptosomes: while in TNF-R1 70Z/3 cells only a
TNF-R1 signaling after the temperature is increased to
moderate activation was determined, magnetic frac-
37C. Using this protocol, in U937 cells the DISC is re-
tions obtained from TNF-R1 TRID cells revealed a dra-
cruited to TNF-R1 within 3 min, leading to rapid autocat-
matic (23-fold) increase and prolongation in N-SMase
alytic cleavage of procaspase-8 (Figure 2C). The kinetic
activity (Figure 3E). This difference is possibly due to
of TNF-R1-associated DISC assembly and caspase-8
a defective downregulation of N-SMase in cells with
activation observed in isolated TNF receptosomes is
blocked TNF-R1 internalization.
paralleled by the induction of apoptotic cell death of
In contrast, TNF did not activate acid SMase (A-SMase)
U937 cells within 1–2 hr (Figure 2E). Incubation of cells
in cytoplasmic lysates from 70Z/3 TNF-R1 TRID cells
with Streptavidin microbeads in the absence of Biotin
but did activate A-SMase in TNF-R1 70Z/3 cells (Figure
TNF had no effect (Figure 2E). Apparently, synchroniza-
3F). In accordance with these findings, A-SMase activa-
tion of TNF-R1 internalization and rapid DISC formation
tion was only detected in TNF receptosomes isolated
is responsible for accelerated induction of apoptosis.
from TNF-R1 70Z/3 cells, whereas in the magnetic frac-
tions derived from TNF-R1TRID cells, A-SMase activa-
tion did not occur (Figure 3G). In addition, A-SMaseDeletion of the Internalization Domain Prevents
TNF-R1 Endocytosis activation was also not detected in TNF receptosomes
derived from cells expressing TNF-R1 DD (Figure 3G),In an attempt to determine the functional contribution
of TNF-R1 internalization, we searched for an internal- although these receptors remained able to internalize
(see Figure 3C). Thus, deletion of TRID does not com-ization domain within its cytoplasmic sequence. We
identified a region between aa 205 and aa 214, distal to pletely block TNF-R1 signaling but apparently interferes
selectively with a pathway involving intracellular com-the transmembrane region of TNF-R1 (Figure 3A), that
is absolutely necessary for TNF-R1 internalization: in partments (multivesicular endosomes).
Together, our data clearly show that internalization ofmurine pre-B cells 70Z/3 lacking endogenous TNF-R1,
ectopically expressed human TNF-R1 or TNF-R1 215 TNF-R1 plays an important role in compartmentalization
of TNF signaling to mediate the activation of lysosomalis rapidly internalized (Figure 3B), whereas endocytosis
of TNF-R1 205 is totally abrogated, suggesting that a enzymes such as A-SMase.
domain between aa 205 and aa 214 is crucial for TNF-
R1 internalization. Deletion of this domain (205–214, Point Mutations within the Internalization
Consensus Motif YXXW of TRID Are Sufficienttermed TRID for TNF receptor internalization domain)
resulted in elimination of TNF-R1 internalization as ex- to Block TNF-R1 Internalization
Analysis of the amino acid sequence of TRID (aa 205–pected (Figure 3B). The failure of the TRID mutant to
internalize was confirmed by confocal fluorescence mi- 214) has revealed the presence of a canonical internal-
ization motif (YXXW) known to mediate receptor inter-croscopy and by electron microscopy (Figure 3C). As a
further control, we included 70Z/3 transfectants carrying nalization by clathrin-coated vesicles (Bonifacino and
Traub, 2003). We therefore wanted to determine whethera TNF-R1 mutant with a deleted DD (TNF-R1 DD) in
our experiments. Internalization of the TNF-R1 DD was point mutations within this motif would also result in
inhibition of TNF-R1 internalization, as it was docu-similar to TNF-R1 (Figure 3C). 70Z/3 cells transfected
Western blotting as in (B). Microbeads alone in unstimulated cell lysates were used as control for nonspecific binding (non stim.).
(E) U937 cells were incubated with TNF or Biotin TNF/Streptavidin microbeads for 2 hr at 4C followed by a temperature shift to 37C, resulting
in apoptotic cell morphology as revealed by light microscopy. Kinetics of cell death: U937 cells were left untreated as controls (5), incubated
with TNF (open circles), with Biotin TNF (filled circles), or with Streptavidin microbeads (triangles) for 2 hr at 4C followed by incubation at
37C for indicated times. Cell viability was assayed by staining with trypan blue. The result of four independent experiments (SEM) is shown.
Immunity
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Figure 3. Deletion of the TNF R-1 Internalization Domain Prevents Receptor Internalization and A-SMase Activation
(A) Schematic representation of human TNF-R1 mutants used. The constructs were stably expressed in murine 70Z/3 pre-B cells lacking
endogenous TNF-R1.
(B) Internalization of recombinant TNF receptors expressed in 70Z/3 cells was analyzed using the 125I-TNF binding assay.
(C) Analysis of the distribution of recombinant TNF receptors after 1 hr incubation at 37C by confocal laser scanning microscopy using Biotin
TNF/Streptavidin FITC or by electron microscopy using Biotin TNF/Streptavidin microbeads/Biotin Gold.
(D and E) N-SMase activity in 70Z/3 cells ectopically expressing either TNF-R1 or TNF-R1 TRID. (D) Cells were treated with 100 ng/ml TNF,
and activation of N-SMase was assayed in the cellular lysates. In (E), magnetic TNF-R1 membrane fractions were isolated at indicated times,
and the activity of N-SMase was determined.
(F and G) A-SMase activity in 70Z/3 cells expressing either TNF-R1, TNF-R1  DD, or TNF-R1 TRID. (F) Cells were treated as in (D), and
A-SMase activation was determined in cellular lysates. In (G), magnetic TNF-R1 membrane fractions were isolated from TNF-R1, TNF-R1 DD,
or TNF-R1 TRID transfectants at indicated times, and the activity of A-SMase was determined. Results of three experiments performed in
triplicates (SEM) are shown.
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Figure 4. A Single Point Mutation Is Sufficient to Block TNF-R1 Internalization
(A) TNF-R1/TNF-R2 double-negative fibroblasts expressing either TNF-R1, TNF-R1 YXXA point mutation, TNF-R1 AXXW point mutation, or
TNF-R1 TRID were analyzed for TNF receptor distribution at 0 min, after 30 min, or after 60 min at 37C by confocal microscopy.
(B) Expression of TNF-R1 YXXW-EYPF mutants in 293T cells. 293 T cells transiently expressing either EYFP-tagged TNF-R1 or various point
mutations within the internalization consensus motif, TNF-R1 AXXW-EYFP, TNF-R1 YXXA-EYFP, or TNF-R1 AXXA-EYFP, were analyzed for
TNF-R1 distribution by fluorescence microscopy at 0 min or after 60 min of TNF treatment.
mented for TRID deletion. As demonstrated in Figure the amino acid sequence of TRID as a functional inter-
nalization domain of TNF-R1.4A, cells expressing TNF-R1 show normal internalization
kinetics, while a single amino acid substitution in the
W210A mutant (TNF-R1 YXXA) results in a complete TRID Deletion Prevents Recruitment of TRADD,
FADD, and Caspase-8 to TNF-R1inhibition of receptor internalization, as it was observed
in the TNF-R1 TRID-transfected fibroblasts. Amino Next, the functional significance of TNF-R1 internaliza-
tion for recruitment of the DD adaptor proteins TRADD,acid substitutions at other sites within the internalization
consensus motif (Y207A or Y207A plus W210A) also FADD, and caspase-8 was evaluated. As shown above
for TNF receptosomes isolated from U937 cells (seeresulted in complete inhibition of TNF-R1 internalization
(AXXW and AXXA in Figure 4B). Figure 2B), rapid recruitment of the DISC proteins is also
observed in TNF receptosomes from TNF-R1-express-These findings clearly identified the YXXW motif within
Immunity
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Figure 5. Deletion of the TNF-R1 Death Domain and Internalization Domain Prevents Recruitment of TRADD, FADD, and Caspase-8 to
TNF Receptosomes
Magnetic fractions from murine 70Z/3 pre-B cells (A–C) or murine TNF-R1/TNF-R2 double-negative fibroblasts (D–F) expressing either TNF-
R1, TNF-R1 DD, or TNF-R1 TRID mutants were isolated and analyzed for recruitment of DISC proteins and CTSD and Rab5 by Western
blotting. In TNF-R1-expressing cells, a rapid and transient association of the DISC proteins with TNF receptosomes is observed (A). Recepto-
somes isolated from TNF-R1 DD (B) and magnetic fractions isolated from TNF-R1 TRID transfectants (C) failed to recruit TRADD, FADD,
and caspase-8. (D) In receptosomes isolated from TNF-R1/TNF-R2 double-negative fibroblasts expressing TNF-R1, rapid initial recruitment
of RIP-1 and TRAF-2 is observed followed by recruitment of TRADD, FADD, and caspase-8. In the magnetic fractions isolated from TNF-R1
TRID-transfected fibroblasts (E), association of RIP-1 and TRAF-2 to TNF receptors still occurs in the absence of TRADD. (F) DISC proteins
in cell lysates and after immunoprecipitation from receptosomes isolated from TNF-R1/TNF-R2 double-negative fibroblasts expressing TNF-
R1 but not from TNF-R1 DD demonstrate specific association of TRADD, FADD, and caspase-8 with the TNF-R1 DD.
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ing 70Z/3 cells (Figure 5A). Again, recruitment of TRADD, FADD, and caspase-8 was not detected (Figure 5E). This
result further confirms the lack of TNF-R1-associatedFADD, and cleaved procaspase-8 (43 kDa) to TNF-R1
is transient and decreased in the TNF receptosomes DISC in 70Z/3 cells expressing TNF-R1 TRID (Figure
5C). However, RIP-1 and TRAF-2 were found to be re-after 30 min. In addition, in receptosomes from TNF-
R1-expressing cells, increasing levels of activated CTSD cruited to the DD of TNF-R1 TRID. In contrast to the
rapid and transient binding of these two proteins to TNF-were detected during endosomal maturation to lyso-
somes. The association (at 3 min) and dissociation (at R1 (Figure 5D), in the TNF-R1TRID transfectants, RIP-1
and TRAF-2 remained bound to the receptor at 60 min60 min) process of the early endosomal marker protein
Rab5 during maturation of TNF receptosomes indicates (Figure 5E). This finding indicates that the DD of TNF-
R1 TRID can still recruit RIP-1 and TRAF-2 for theinternalization and intracellular trafficking of TNF-R1.
As expected, deletion of the DD resulted in a complete activation of NF-B even in the absence of TRADD as
an assembly platform. This observation is in agreementloss of the ability of internalized TNF-R1 DD recepto-
somes to recruit DISC proteins (Figure 5B). In addition, with previous studies showing direct binding of DD-
containing RIP-1 to the DD of TNF-R1 (Hsu et al., 1996b).CTSD protein levels are lower in TNF-R1 DD recepto-
somes than in TNF receptosomes from TNF-R1 cells, In order to determine the functional consequences of
a TNF-R1 TRID-mediated inhibition of DISC recruit-reflecting defective CTSD activation and further prov-
ing the functional link between DD and activation of ment, we next analyzed TNF-R1 TRID cells for TNF-
induced cell death. In comparison to TNF-R1 cells,A-SMase and CTSD (Heinrich et al., 1999, 2004). The
kinetic of Rab5 association/dissociation again indicates which exhibited nearly 83% apoptosis (Figure 6A), dele-
tion of TRID significantly reduces TNF-mediated apo-that TNF-R1DD is internalized and that endocytic vesi-
cles are processed along the endosomal trafficking ptosis to approximately 13%, as expected. Deletion of
the DD, which also prevented DISC formation, againpathway.
In magnetic TNF-R1 membrane fractions isolated results in complete resistance of TNF-R1 DD transfec-
tants to TNF-induced apoptosis.from 70Z/3 cells expressing TNF-R1 TRID, recruitment
of the DISC proteins was also completely abrogated. Since TNF-R1 TRID receptosomes did not contain
DISC proteins, the residual apoptosis in TNF-R1 TRID-Although the TNF-R1 TRID mutant still possesses
the DD, it was unable to recruit TRADD, FADD, and expressing cells can only be explained by DISC-indepen-
dent death due to retention of the activated TNF-R1TRIDcaspase-8 to the activated TNF-R1 (Figure 5C). The
same was demonstrated for the DD-deficient TNF-R1 on the cell surface. One possible mediator of this DISC-
independent apoptosis may be the large amount of cer-(Figure 5B). In addition, lack of recruitment of the endoly-
sosomal protease CTSD and constitutive binding of amide generated by overstimulated N-SMase in TNF-
R1TRID-expressing cells, as observed before (see Fig-clathrin and Rab5, which in this case does not dissociate
from these magnetic membrane fractions, again confirm ures 3D and 3E). N-SMase-generated ceramide has been
implicated in TNF-R1 neutral sphingomyelinase activationthat the TNF-R1 TRID does not internalize, i.e., pinch-
ing off of the TNF-R1 TRID/clathrin-coated complex domain (NSD)/FAN-mediated apoptosis (Se´gui et al.,
2001). Therefore, we next deleted the NSD in additionis blocked.
Together, these data clearly demonstrate that inter- to the TRID domain to avoid this nonphysiological
N-SMase overstimulation. The high level of N-SMasenalization of the TNF-R1 is absolutely crucial for recruit-
ing of TRADD, FADD, and caspase-8 to the DD. activity in TNF-R1 TRID transfectants was reduced
almost to basic levels after deletion of the NSD in TNF-
R1 TRID/NSD double mutants (data not shown),Inhibition of TNF-R1 Internalization in TNF-R1 TRID-
which now proved to be completely TNF resistant (Fig-Expressing Fibroblasts Selectively Prevents DISC
ure 6A).Formation and TNF-Induced Apoptosis
TNF-mediated activation of transcription factor NF-B
was shown to occur from TNF-R1 located in lipid raft Point Mutations within the Internalization Consensus
Motif YXXW of TRID Are Sufficient to Block TNF-R1microdomains at the cell surface (Legler et al., 2003).
Because NF-B signaling is mediated by the DD, we Apoptosis and DISC Formation
We finally determined whether the single amino acidwanted to analyze whether the DD in TNF-R1 TRID
constructs is functional and able to interact with other substitutions within the internalization consensus motif
YXXW also result in inhibition of TNF-induced cell death.adaptor proteins such as RIP-1 and TRAF-2. We there-
fore analyzed TNF receptosomes from fibroblasts de- As shown in Figure 6B, TNF-R1 YXXA, TNF-R1 AXXW,
and TNF-R1 AXXA mutations reduced TNF-mediatedrived from TNF-R1/TNF-R2 double knockout mice stably
transfected with the TNF-R1 or TNF-R1 TRID con- apoptosis to values that were similar to those observed
in TNF R1 TRID-expressing cells (see Figure 6A). Thestructs. As shown in Figure 5D, receptosomes from TNF-
R1-expressing fibroblasts recruit TRADD, FADD, and residual, DISC-independent apoptotic effect in the TNF-
R1 point mutation-expressing cells again may be duecaspase-8 as demonstrated above for 70Z/3 TNF-R1
cells. TNF receptosomes lose their clathrin coat as a to NSD-mediated N-SMase overstimulation.
In magnetic membrane fractions prepared from TNF-marker for endosomal maturation during intracellular
trafficking, as shown for U937 cells (Figure 2B). In addi- R1 YXXA-, AXXW-, and AXXA-transfected fibroblasts,
recruitment of TRADD, FADD, and caspase-8 was nottion, RIP-1 and TRAF-2 are recruited to TNF recepto-
somes with rapid and transient kinetics (Figure 5D). In detected, but RIP-1 and TRAF-2 rapidly and transiently
recruited to the DD of TNF-R1 (Figures 6C–6E). Thismagnetic membrane fractions prepared from TNF-R1
TRID-transfected fibroblasts, recruitment of TRADD, result further confirms the lack of TNF-R1-associated
Immunity
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Figure 6. Blocking TNF-R1 Internalization by Deletion of TRID or by a Single Point Mutation within the Internalization Consensus Motif YXXW
of TRID Results in Inhibition of TNF-Induced Apoptosis and DISC Formation
(A) TNF-R1/TNF-R2 double-negative fibroblasts expressing the various TNF-R1 mutants were incubated with 100 ng/ml TNF for 20 hr and
assayed for apoptosis by Annexin V-Propidium Iodide staining and FACS analysis. Cells expressing TNF-R1 were sensitive to apoptotic cell
death, while cells expressing TNF-R1 TRID, TNF-R1 DD, and TNF-R1 TRID/NSD were resistant.
(B) Also, in contrast to TNF-R1 YXXW (wt)-expressing cells TNF-R1 AXXW, YXXA, and AXXA point mutants were resistant. Representative
data from three independent experiments are shown.
(C–E) Impaired DISC formation in TNF-R1 point mutations. Magnetic fractions from TNF-R1/TNF-R2 double-negative fibroblasts expressing
YXXA (C), AXXW (D), or AXXA (E) point mutation were isolated and analyzed for recruitment of DISC proteins and clathrin by Western blotting.
Rapid and transient binding of RIP-1 and TRAF-2 is observed, while DISC proteins TRADD, FADD, and caspase-8 are not recruited. Similar
results were observed in TNF-R1 TRID cells shown before in Figure 4E.
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DISC in cells expressing internalization-deficient TNF- brane-located NF-B signaling complex I consisting of
TNF-R1, TRADD, RIP-1, and TRAF-2 and a cytosolicR1 TRID (see Figures 5C and 5E) and demonstrates
that the lack of DISC formation is therefore not caused apoptosis signaling complex II, which is composed of
TRADD, FADD, and caspase-8 but is not associatedby artificial effects of the deletion of TRID, because a
single point mutation within TRID is sufficient for the with TNF-R1.
In contrast to this model, we definitively demonstratedeffects observed.
the existence of a ligand-induced establishment of a
TNF-R1-associated DISC within the first minutes afterDiscussion
receptor internalization on endocytic vesicles. In cells
ectopically expressing TNF-R1 TRID, we showed thatAlthough key elements of the signaling pathways of
within 3 min after activation a complex of adaptor pro-NF-B (TRADD, RIP-1, TRAFs) and apoptosis (TRADD,
teins, consisting of RIP-1 and TRAF-2, is formed at theFADD, caspase-8) are well defined (reviewed in Chen
cell surface, signaling for NF-B activation (Hsu et al.,and Goeddel, 2002; Wajant et al., 2003), the molecular
1996b; Devin et al., 2000), but the proteins TRADD,mechanisms that regulate formation of the initial signal-
FADD, and caspase-8 are not recruited. Thus, expres-ing complexes at the activated TNF-R1 to selectively
sion of TNF-R1 TRID revealed that TNF-R1 endocyto-transmit specific signal transduction events to various
sis and DISC formation are inseparable events.intracellular compartments are poorly understood
We also detected association of RIP-1 and TRAF-2(Barnhart and Peter, 2003; Wajant et al., 2003). In con-
as well as the complete DISC with TNF-R1 in precipitatestrast to CD95 (Kischkel et al., 1995; Medema et al., 1997)
from TNF-treated U937 cells or from magnetically iso-and TRAIL receptor (Sprick et al., 2000) apoptosis signal-
lated TNF receptosomes. This indicates that TRADD,ing, and despite intensive research, the aggregation of
FADD, and caspase-8 are directly bound to TNF-R1 andTRADD, FADD, and caspase-8 to TNF-R1 has not been
are not simply cocompartmentalized in the membranedemonstrated yet. Based on this obvious lack of TNF-
preparations. The specificity of TNF-R1 binding ofR1-associated DISC that was detectable by immunopre-
TRADD, FADD, and caspase-8 was further demon-cipitation experiments, recent reports suggested that
strated by the absence of these proteins in immunopre-the formation of TNF-mediated apoptosis signaling
cipitates from TNF-R1 DD-expressing fibroblasts. Thecomplex follows a different mechanism than the one
reason for the discrepancy between our findings andutilized by CD95L or TRAIL (Harper et al., 2003). Even
the results of Micheau and Tschopp (2003) and Harperan intracellular DISC assembly lacking TNF-R1 was pro-
et al. (2003) may be based on the different compositionsposed (Micheau and Tschopp, 2003). The results pre-
of the lysis buffers used and the fact that we employedsented in this study, derived from a novel experimental
a different labeling and precipitation protocol. Further-approach based on ligand-specific magnetic labeling
more, DISC formation at TNF receptosomes occurs rap-and purification of TNF-R1 endocytic vesicles, now pro-
idly and transiently (shown in Figure 2B) and may bevide genetic evidence for a functional dichotomy of
only detectable when the internalization is synchronizedTNF-induced signaling pathways, tightly regulated by
by prelabeling the receptors with TNF followed by rap-TNF-R1 internalization.
idly increasing the temperature to 37C.Analysis of TNF receptosomes isolated from different
We previously detected TRADD in TNF-R1 immuno-cell lines expressing an internalization-deficient re-
precipitates from MDC-treated U937 cells (Schu¨tze etceptor (TNF-R1 TRID, TNF-R1 YXXA, TNF-R1 AXXW,
al., 1999), which is in contrast to our present findings.TNF-R1 AXXA) revealed that recruitment of RIP-1 and
This discrepancy may be explained by the fact that MDCTRAF-2 to TNF-R1 occurred at the level of the plasma
inhibited TNF receptor internalization in U937 cells onlymembrane, whereas aggregation of TRADD, FADD, and
by 60%, while in our present study, using a geneticcaspase-8 to establish the TNF-R1-associated DISC is
approach, internalization of TNF-R1 TRID was com-critically dependent on receptor endocytosis. Further-
pletely blocked.more, along the endocytic pathway TNF receptosomes
Notably, TNF receptosomes carried mainly the DD-fuse with trans-Golgi vesicles containing A-SMase and
containing 43 kDa cleavage product of the 55 kDaCTSD to form multivesicular endosomes. Thus, inter-
procaspase-8 (Medema et al., 1997), indicating that im-nalized TNF receptosomes are the structural basis for
mediately after binding of the 55 kDa procaspase-8 totemporal and spatial compartmentalization of the pleio-
TNF-R1, rapid autoproteolytic cleavage occurs. It wastropic TNF signaling pathways.
shown recently that procaspase-8 autoproteolysis at theRecent reports, including our own studies, indicated
CD95 receptor occurs within 30 s (Lavrik et al., 2003).that one possible clue to the basic mechanisms of TNF-
In U937 cells, our protocol to synchronize TNF-R1 inter-R1 signal diversification may lie in a compartmentaliza-
nalization leads to a very rapid apoptosis in the absencetion of TNF signaling (see comment in Barnhart and
of protein synthesis inhibitors (see Figure 2D).Peter, 2003). Based on pharmacological inhibitor stud-
Along the endocytic pathway, TNF receptosomes fuseies, we proposed that induction of apoptosis requires
with trans-Golgi vesicles containing A-SMase and CTSDinternalization of TNF-R1 (Schu¨tze et al., 1999). In addi-
to form multivesicular endosomes (Raiborg et al., 2003).tion, TNF-mediated NF-B activation was recently linked
In the multivesicular endosomes, caspase-8 mediatesto the recruitment of TNF-R1 to lipid rafts on the cell
activation of the A-SMase/CTSD cascade, which is alsosurface (Legler et al., 2003). Along this line, Micheau and
capable of mediating apoptosis via Bid cleavage andTschopp (2003) have very recently proposed a model
caspase-9 activation (Heinrich et al., 2004). Thus, TNFdescribing induction of TNF-R1-mediated apoptosis via
two sequential signaling complexes: a plasma mem- receptosomes provide the structural basis for transmit-
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Figure 7. Model of Compartmentalization in
TNF-R1 Signaling
After TNF binding, a complex of adaptor pro-
teins is formed in TNF-R1 TRID cells at the
plasma membrane consisting of RIP-1, TRAF-2,
and FAN to activate N-SMase. In TNF-R1 cells,
NF-B activation is initiated by TRADD-
dependent recruitment of RIP-1 and TRAF-2.
Internalization of TNF-R1 is critically depen-
dent on the TNF receptor internalization do-
main (TRID) and results in endocytic vesicles
containing activated TNF-R1 complexes (TNF
receptosomes). During endocytosis, TRADD,
FADD, and caspase-8 are recruited to form
the TNF-R1-associated DISC. Caspase-8 is
autocatalytically cleaved during receptosome
trafficking. TNF receptosomes fuse with trans-
Golgi vesicles containing pro-A-SMase and
pre-pro-CTSD to form multivesicular endo-
somes in which A-SMase and CTSD activa-
tion is induced.
Experimental Proceduresting TNF-induced signal transduction events to distinct
subcellular compartments.
Cell CultureOur model of compartmentalized TNF-R1 signaling,
HeLa, U937, 70Z/3, and NIH3T3 cells were obtained from the ATCC.
proposed in Figure 7, is mainly based on genetic evi- U937 and 70Z/3 cells were maintained in CLICK’s RPMI culture
dence by deletion of TRID, which selectively prevents medium (Biochrom) supplemented with 5% and 10% fetal calf se-
rum, respectively, 10 mM glutamine, 0.1 mM -mercaptoethanol,internalization (Figures 3 and 4), DISC formation (Figures
and 50 g/ml each of streptomycin and penicillin. TNF-R1/R2 dou-5 and 6), and apoptosis (Figure 6), leaving recruitment of
ble-deficient mouse fibroblasts were provided by D. Ma¨nnel, Re-RIP-1 and TRAF-2 to the TNF-R1 DD unaffected. Similar
gensburg, and were cultured in DMEM (GIBCO) culture mediumobservations were made in an independent experimen-
supplemented as above.
tal cell system of NIH3T3 and C127 mouse fibroblasts
transfected with the antiapoptotic adenovirus E3-14.7K Cloning of TNF-R1 Expression Vectors
The human TNF-R1 full-length receptor was generated by PCR fromprotein (W.S.-B. et al., submitted). In this model, expres-
plasmid pEF-Bos hTNF-R1 and cloned into the BamHI and XhoIsion of 14.7K prevents TNF-induced apoptosis by inhibi-
sites of the retroviral vector pQCXIP (BD Clontech). pQCXIP vectorstion of TNF-R1 internalization, resulting in abrogation of
encoding TNF-R1 205, TNF-R1 215, and TNF-R1 DD (lackingDISC formation. Interestingly, although TRADD was not
all nucleotide sequences after amino acid 326) were generated by
present at TNF-R1 receptosomes, RIP-1 and TRAF-2 PCR and cloned into the EcoRI and XhoI site of pQCXIP. pQCXIP
are recruited, leading to NF-B activation. Thus, expres- TNF-R1TRID (205–214) was generated by inverse PCR amplifica-
tion of the complete plasmid excluding the nucleotide sequencession of 14.7K or deletion of TRID has an identical effect
corresponding to the indicated deleted amino acids. Point mutantson TNF-R1 internalization, DISC assembly, apoptosis,
within TRID were generated in pQCXIP TNF-R1 by PCR mutagenesisand NF-B activation, further demonstrating the physio-
with substitution of tyrosine 207 to alanine (Y207A) and/or trypto-logical relevance of TNF-R1 internalization for TNF-
phan to alanine (W210A), respectively. pEYFP-TNF-R1 vectors were
mediated apoptosis signaling in immunosurveillance generated by PCR from the corresponding pQCXIP TNF-R1 con-
against virus infections. structs lacking the DD and cloned in frame in pEYFP-N1 vector (BD
Clontech). All plasmids were verified by DNA sequencing.In summary, the identification and functional charac-
terization of TRID and our findings concerning the spe-
Retroviral Transfections of TNF-R1 cDNAscific role of TNF receptosomes for transmitting apopto-
293T cells were grown in DMEM (GIBCO-BRL), 4.5 g/L glucose,sis signaling provide the structural basis for selective
10% fetal bovine serum (PAN). 4  106 cells were seeded per 10 cm
targeting of TNF pathways, which may have new impli- plate (Primaria, Falcon) 24 hr before transfection. Thirty micrograms
cations for therapeutic interventions to control patho- of each retroviral vector pQCXIP containing the various TNF-R1
constructs and the packaging plasmid, pCL-10A1 (Imgenex, Ret-physiological effects of TNF in human diseases.
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roMax System), was transfected by calcium phosphate coprecipita- coupled immunoprecipitates were pelleted and washed twice in 1 ml
of homogenization buffer by centrifugation for 1 hr at 20.000  g.tion. Viral supernatants were harvested 24 and 48 hr later and passed
through a 0.45 m filter. Cells were infected several times with Nonspecific binding (nonstimulated control) was evaluated by incu-
bation of lysates with 20 l of Streptavidin microbeads for 2 hr atcomplete medium containing the fresh viral supernatant and 8g/ml
polybrene (Sigma). Infected cells were selected with puromycin 4C followed by washing steps as above.
(Sigma).
Characterization of TNF Receptosome-Associated Proteins
TNF receptosome proteins were separated by SDS-PAGE and ana-TNF Receptor Internalization
lyzed by Western blotting for signature proteins of endocytosis,70Z/3 cells transfected with the various TNF-R1 constructs were
vesicular trafficking, and recruitment of adaptor proteins by antibod-incubated for 1 hr at 4C with 1 ng 125I-labeled human recombinant
ies against clathrin, p47A, Vti1b, LAMP-1 (Transduction Lab., Lex-TNF (NEN Life Science Products; specific activity 2160 kBq/g).
ington, UK), Rab4, Rab5 (Stressgen Biotec. Corp., Victoria, Canada),The amount of intracellular 125I-TNF receptor complexes formed at
TNF-R1 (H5, sc-8436), RIP-1 (clone 38; Transduction Lab., Lexing-37C was determined by passing cells through a pH 3 gradient at
ton, UK), TRAF-2 (C20, sc-876), TRADD (sc-7868) (Santa Cruz Bio-500  g consisting of the following: (1) 0.5 ml of culture medium
tech. Inc., CA), FADD (7B5) (Alexis Biochemicals, Switzerland), cas-supplemented with 20% Ficoll; (2) 3 ml of 100 mM NaCl, 50 mM
pase-8 (H134, sc-7890) (Santa Cruz Biotech. Inc., CA), and cathepsinglycine-HCl (pH 3), supplemented with 10% Ficoll; and (3) 0.5 ml
D (Calbiochem-Novabiochem GmbH, Germany).of culture medium containing 5% Ficoll. The total amount of cell-
associated 125I-TNF was determined by replacing the second layer
Electron Microscopy of TNF-R1 Internalization and Traffickingby PBS (pH 7.3) and 10% Ficoll. The amount of internalized (i.e., pH
Glutardialdehyde-fixed total cells and cell organelle fractions were3 resistant) 125I-TNF was calculated as percentage of specific binding
treated with osmium for 1 hr. Organelle fractions were centrifugeddetermined at pH 7.3.
for 90 min at 20,000  g, and cells and organelle fractions were
incubated with rising alcoholic concentrations and propylenoxideFluorescence Labeling of TNF Receptors
for 5 min and then embedded in Araldite overnight. Ultrathin sectionsand Colocalization Analysis
(0.1 m) were cut and stained in aqueous uranyl acetate and leadCells were incubated with biotinylated TNF (R&D Systems, Wiesba-
citrate for 5 min and viewed in a Zeiss 900 electron microscope atden, Germany) for 60 min at 4C. Avidin FITC reagent was added,
a primary magnification of 30,000-fold.and cells were incubated for another 30 min at 4C. The temperature
was shifted to 37C for the times indicated in the figure legends to
Cell Death Assayallow receptor internalization. For analysis of TNF receptor endocy-
Apoptosis was estimated by the Annexin V-Propidium Iodide assay:tosis, cells were fixed with paraformaldehyde (4% in PBS) for 20 min.
0.5  106 cells were seeded in 6-well plates, incubated overnight,For colocalization analysis, cells were fixed with cold methanol
and treated with 100 ng/ml TNF for 20 hr. The cells were thenat 20C for 5 min, incubated with primary antibodies (anti-rab5,
harvested and stained with Annexin V-Fluos (Roche) and 10 ng/Santa Cruz; anti-Vti1b, BD Transduction Laboratories, anti-human
ml Propidium Iodide according to the manufacturer’s instructions.CTSD, Calbiochem, Germany) and the appropriate secondary anti-
Stained cells were analyzed using the FACS-Calibur (BD) and thebodies (anti-goat-rhodamine, anti-rabbit-rhodamine, Santa Cruz) at
Cell-Quest 3.3 software.room temperature. Indirect immunofluorescence was analyzed us-
ing a confocal laser scanning microscope (LSM 510, equipped with
Sphingomyelinase Activity Assaysan Axiovert 100M; Zeiss, Germany).
Cells or magnetic isolates were homogenized in 250 mM sodium
acetate, 1 mM EDTA, and 0.2% Triton X-100 at pH 5.0 for analysisMagnetic Labeling of TNF Receptors and Isolation
of A-SMase or in 20 mM HEPES, 10 mM MgCl2, and 0.2% NP 40 at pHof TNF Receptosomes
7.4 for N-SMase measurements, respectively. Twenty microgramsCells were incubated in a total volume of 250 l cold PBS with
protein from postnuclear supernatants was incubated for 2 hr at100 l (400 ng) of biotinylated TNF (Fluorokine-Kit; R&D Systems,
37C in 250 mM sodium acetate and 1 mM EDTA at pH 5.0 forWiesbaden, Germany) for 1 hr on ice. Thereafter, 200 l of 50 nm
A-SMase or 20 mM HEPES and 10 mM MgCl2 at pH 7.4 for N-SMaseMACS Streptavidin microbeads solution (Miltenyi Biotec, Bergisch
(50 g final volume), respectively, containing 2.25 l of N-methyl-Gladbach, Germany) was added, and cells were incubated for 1 hr
[14C] sphingomyelin (0.2 Ci/ml; specific activity 56.6 mCi/Mol;on ice. Formation of magnetically labeled TNF receptosomes was
Amersham) as a substrate.achieved by incubation of magnetically labeled cells at 37C for
various times as indicated in the figure legends.
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